Introduction
Hideshima reported that the dissolved oxygen (DO) concentration periodically oscillated when two cells, one containing catalase and the other hydrogen peroxide, were separated via a dialysis membrane. 1 Oscillation of DO was observed when a DO electrode was inserted into the enzyme solution. Such oscillation of DO was applied to a measurement of glucose. 2 It was reported that period and the waveform changed with the glucose concentration. For example, without glucose the period was 300 s, whereas with 5 mM of glucose the period became 450 s. The advantage of this method was mentioned that it is relatively free from the coexisting materials, such as urea, ascorbic acid or 4-acetamidophenol. The disadvantage was reported to be that the period is ca. 20 min or more. It is important, therefore, to realize a shorter oscillation period for applying the system to real analysis.
In this study, the behavior of the bubbles produced by the catalase-hydrogen peroxide reaction was focused, because the production and floating process of the bubbles are relatively easy to observe and to control. When gas bubbles are formed in a supersaturated liquid through nucleation, the bubble size becomes fairly homogeneous. 3 Catalase, known to have great catalytic prowess (kcat/KM ratio of 4 × 10 7 M -1 s -1 ), catalyzes the reaction H2O2 → H2O + 1/2O2. 4 When hydrogen peroxide is added into the catalase solution, bubbles are instantly produced. When the two solutions, catalase and hydrogen peroxide, are separated by a semi-permeable material, such as dialysis membrane, the latter diffuses into the enzyme solution and bubbles of oxygen are produced, even if the production rate of oxygen is much smaller compared to the case where the substrate is directly added to the enzyme solution.
Generally any contact with bubbles is avoided during the measurement of dissolved oxygen using an oxygen electrode. In the present work, however, the electrode was placed on purpose to be in contact with bubbles. It was found that when the electrode contacted the bubbles the output signal became maximal; the signal became much smaller when it did not. Considering such characteristics, the signal can be regarded as a discontinuous digital signal (contact on/off) without any need of considering its absolute value.
As mentioned before, an enzymatic oscillatory reaction wave changed the period or waveform with the glucose concentration. It should be favorable for the system to be applied to a novel glucose measurement method if the period changes according to the coexisting glucose concentration. Also, a shorter oscillation period would be an advantage for the shorter time requirement, and digitalization of the DO value would be an advantage for data handling.
In this study the bubble formation process was examined using a DO electrode and photography at the same time, investigating the possibility to realize a faster DO oscillation system applicable to glucose measurement.
A possible hypothesis of the DO oscillation was also reported.
Experimental
Dissolved oxygen electrodes (Type BO-G, Able Co.) were used to measure the relative DO concentration in the enzyme solution. Two lead wires from a cathode and an anode were connected to a 470 kΩ resistance. A voltage proportional to the oxygen partial pressure was recorded. It was clear that at a higher DO concentration (over 20 mg/L) the output voltage became saturated. An optical DO probe (FOXY 2000-R, Ocean Optics Co.) was also used to measure the DO in solution.
Signals were recorded using a PC via interfaces. Catalase (from bovine liver, 13800 units/mg, Sigma Chemicals Co.) and glucose oxidase (from Aspergillus niger, 157500 units/g, Sigma Chemicals Co.) were used as enzymes. Hydrogen peroxide (WAKO Chemicals Co.) and glucose (WAKO Chemicals Co.) were used as substrates. A dialysis membrane (Seamless cellulose tubing, Viscase Sales Corp.) was sandwiched between two self-made transparent cells (Fig. 1 ). An enzyme solution that contained 0.33 mg/ml of catalase and glucose oxidase was prepared. One of the cells was filled with 8 ml of the solution. The relationship between the periodical bubble forming and the oscillatory change in the dissolved oxygen (DO) concentration in a catalase-hydrogen peroxide system was studied. Photographs of the bubbles and the responses from the DO electrode indicated that large bubbles were generated periodically, and that the DO profile depended on the geometrical relationship between the electrode and the bubbles. 
Results and Discussion

DO profile measured by an optical probe
The oscillation of DO concentration was not only measured by the DO electrode, but also by the optical probe (Fig. 2) . The optical probe is based on the quenching of fluorescence from a thin film on the probe tip by the oxygen, and the degree of quenching correlates to the level of oxygen pressure. Generally, an oxygen electrode consumes oxygen more than does an optical DO probe, and the response time of the former device is ca. 100-times longer than the latter. The DO oscillation was measured at glucose concentrations ranging over 0 -3 mM, but the oscillation period was never the same as that observed by the electrode. The fact, that the oscillatory behavior was measured by two different methods, indicates that the oscillation was a reaction-depended phenomenon, and did not depend on the measurement device.
Relationship between the DO profile and bubble forming
The tip of the DO electrode was placed in front of the dialysis membrane. A photograph was taken from the side of the cell. Small (diameter ca. 0.1 mm) bubbles were formed randomly on the surface of the dialysis membrane. These small bubbles of gas were nucleated, rose and crowded together at the "tunnel ceiling" (Fig. 1f) . Through coarsening (interaction among several bubbles), one large (diameter ca. 5 mm) bubble was formed. This grew larger at the space between the electrode and the hole until it rose upwards to the liquid surface. While this single bubble stayed at the space and was facing the surface of the electrode tip, the DO value remained maximum, and the moment when the bubble departed the electrode tip towards the liquid surface, the DO value became minimum. Such a process repeated for more than one day with a period of several minutes. The critical supersaturation concentration of oxygen in water was reported to be 0.1 M at 298 K, 5 but this concentration was out of the range for the electrode. The big bubble might stay longer at the space when the "tunnel" (Fig. 1g) is horizontal. It was expected that when the tunnel is orientated rather upward from the membrane to the "exit", the bubble might get out of the tunnel faster. To see such an angle effect of the cell on the DO oscillation waveform, two cases (horizontal/upward tunnel) were compared. In the case of a horizontal tunnel (Fig. 1h) , waves with a longer period and with a larger amplitude were observed (Fig. 3, white part) . In the case of an upward tunnel (Fig. 1i) , on the other hand, waves with a shorter period and a smaller amplitude were observed (Fig. 3, gray part) . Interval pictures proved that in the former case, a large bubble stayed longer, compared to the latter case, in the tunnel and spent more time there, and once it was gone it took a longer time until the next new bubble faced the electrode tip.
Effect of glucose concentration on waveform
Glucose oxidase is an enzyme that catalyzes the oxidation of glucose, and oxygen is consumed at the same time. When catalase, glucose oxidase and glucose are contained in a solution, the DO concentration of the solution is originally very low. A higher glucose concentration results in a lower DO. When hydrogen peroxide diffuses via a dialysis membrane into the catalase solution, glucose oxidase and glucose, oxygen is produced on the membrane surface, but is consumed in the solution through the glucose oxidation. Therefore, bubbles are formed on the membrane surface but its growth rate is suppressed by the existence of glucose. The more glucose contained, the smaller did the bubble growth rate become. When 5 mM of glucose was contained in the enzyme solution cell, periodical bubble formation was observed. Then, glucose was added to the enzyme solution to have a final concentration of 10 mM. A change in the waveform was observed after the addition; i.e. the oscillation period became longer (Fig. 4) . This might be due to a further suppression of bubble growth by a 904 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 (Fig. 1h) , and gray ones represent that in the upward condition (Fig. 1i ).
higher glucose concentration. A similar phenomenon was previously reported, 4 where the DO oscillation period increased with a higher glucose concentration. The possibility of a glucose measurement is mentioned in this report. Because large bubble formation can be recognized by the naked-eye, the findings in this study suggest that by observing the bubble formation rate one can tell the oxygen-quencher concentration without using photometers or CCD cameras.
The oscillation of the DO concentration in an immobilized enzyme system was reported. 6 In this study no visible bubble was reported. When the bubble diameters were plotted vs. time, the profile (not shown) agreed with the typical coarsening tendency. 7 The growth condition of the large bubble was not exactly the same with the typical coarsening, but the nucleation followed by coarsening of small bubbles might be one possible reason for the large bubble growth. Additionally, protein is generally damaged in foam, and catalase is no exception. 8 Catalytic performance suppression should, therefore, be evaluated for future applications.
Conclusion
Periodical forming of oxygen bubbles was observed. Simultaneous measurements of bubbles by an oxygen electrode and by interval photography indicated that the oscillation in the DO profiles were due to a temporal charge in the geometrical relationship between the electrode and the bubbles. The growth of large bubble was suggested to be the result of nucleation and coarsening of supersaturated oxygen in the solution. The DO profile changed due to the reaction cell angle or oxygen quencher concentration. These findings suggested that the bubble formation period can be an index to evaluate the oxygen quencher concentration, and can be controlled by the design of the cells. The result might be useful for future naked-eye measurements of the quencher concentration.
